The thermal stability of the neat LiPF 6 salt and of 1 molal solutions of LiPF 6 in prototypical Li-ion battery solvents was studied with thermogravimetric analysis (TGA) and on-line FTIR. Pure LiPF 6 salt is thermally stable up to 380 o K in a dry inert atmosphere, and its decomposition path is a simple dissociation producing LiF as solid and PF 5 as gaseous products. In the presence of water (300 ppm) in the carrier gas, its decomposition onset temperature is lowered as a result of direct thermal reaction between LiPF 6 and water vapor to form POF 3 and HF. No new products were observed in 1 molal solutions of LiPF 6 in EC, DMC and EMC by on-line TGA-FTIR analysis. The storage of the same solutions in sealed containers at 358 o K for 300 -420 hrs. did not produce any significant quantity of new products as well. In particular, no alkylflurophosphates were found in the solutions after storage at elevated temperature. In the absence of either an impurity like alcohol or cathode active material that may (or may not) act as a catalyst, there is no evidence of thermally induced reaction between LiPF 6 and the prototypical Liion battery solvents EC, PC, DMC or EMC.
Introduction
Lithium hexafluorophosphate (LiPF 6 ) is the most widely used salt in the electrolytes for commercial Li-ion cells. The thermal stability and interaction of this salt with the organic solvents in the electrolytes have been studied experimentally [1] [2] [3] by Thermogravimetric Analysis (TGA), Differential Scanning Calorimetry (DSC) and Accelerating Rate Calorimetry (ARC), and computationally by Density Functional Theory (DFT) and Molecular Dynamics (MD) methods 4 . However, all the thermal analysis techniques used so far test thermal stability based on macroscopic quantities such as mass loss, heat flow, or self-heating rate measured as a function of temperature.
The results have been inconsistent in part because the temperatures at which thermally activated processes were observed differed significantly depending on the thermal analysis method used. For example, as measured by DSC 2,3 the temperature for onset of thermal decomposition of the neat salt LiPF 6 was 573 o K in a heretically sealed sample pan and 450 o K at ambient pressure. In related ambient pressure experiments 1,2 , the onset temperature varied by as much as 130 o K between DSC and TGA measurements. In addition, the identification of the decomposition products is also the subject of debate in the literature 5, 6 . While both Armand and Abraham agreed that thermal dissociation of EC:LiPF 6 solvent alone does not produce fluoro-organics, they disagreed on the nature of catalysts which activate the formation of fluoro-organics during storage at elevated temperature ~ 85 o C. Armand attributed a catalytic effect to cathode active material (e.g.
LiCoO 2 and LiNiO 2 ), while Abraham et al. attributed production of fluoro-organics in DEC:LiPF 6 electrolyte to a catalytic effect of POF 3 generated by reaction of alcohol impurities with PF 5 . Clearly, the thermochemistry of the commonly used Li-ion battery electrolytes still needs further elucidation.
In this study, we use TGA and on-line FTIR to investigate the thermal stability of neat LiPF 6 in both an inert gas environment and with water added to the inert gas (300 ppm), as well as thermal reaction of the salt and a variety of alkyl carbonate solvents (EC, PC, DMC and EMC) up to 570 o K in the absence of any purported catalytic agents. The water content of all the electrolytes is less than 10 ppm. All the sample handlings were performed in inert atmosphere with no air exposure even momentarily.
Experimental
The TGA-FTIR was a Thermo-Gravimetric Analyzer (Model 2960, TA Instruments) with on-line gas analysis by a Fourier Transform Infrared (FTIR)
Spectrometer (Nexus 470, Nicolet) equipped with a temperature-controlled transmission gas cell. The coupling between TGA and FTIR is via heated quartz capillary. Both FTIR gas cell and capillary were heated to 473 o K during experiments to prevent deposits on their walls. To ensure a dry inert atmosphere environment, the entire TGA and FTIR gas cell were housed in argon-purged glovebag. Special care was taken to ensure that the FTIR optical path was properly purged such that the background signal from residual moisture and carbonate dioxide (CO 2 ) is negligible during the experiments. The inert working condition of the entire apparatus was checked using thermal decomposition of a copper oxalate sample, as recommended by Mullen et al. 7 .
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The TGA-FTIR setup measures the change in sample weight as a function of temperature while simultaneously monitoring the volatile components evolved from samples as a result of thermal decomposition. The measurement can be performed under either isothermal or non-isothermal conditions. Under the non-isothermal condition, the sample is heated at a controlled rate, typically 10 o K /min., until the mass loss is negligible. The isothermal experiments were carried out by ramping the sample temperatures to a target temperature, followed by holding the temperature for one hour.
The target temperature was then increased sequentially until the sample has decomposed completely. The gas phase products were continuously swept (flow rate of 220 ml/min)
into the FTIR gas cell using either high purity argon (Research Grade, less than 10 ppm water) as carrier gas, or argon with water vapor added to 300 ppm. The FTIR spectra
were continuously acquired at a resolution of 4 cm -1 and summed over 32 scans during the thermogravimetric (TG) measurements. The mass loss reported in this work has ±1%
accuracy.
For long-term stability experiments, 1m LiPF 6 /EC, 1m LiPF 6 /DMC and 1m
LiPF 6 /EMC electrolytes were stored under vacuum (< 30 mTorr) in high density polypropylene bottles, and heated to 358 o K for 420 hours for cyclic carbonates and 300
hours for linear carbonates. The compositions of the electrolytes were then measured by FTIR using the Attenuated Total Reflection (ATR) method 8 . The spectra were acquired at resolution of 4 cm -1 and total scans of 512.
Results and Discussion

Thermal Decomposition pathway of LiPF 6
Thermogravimetry (TG) profiles of pure LiPF 6 salt obtained, at a heating rate of 10 o K /min., with carrier gas containing less than 10 ppm of water (solid line) and with 300 ppm of water (dashed line), respectively, follow similar trends as shown in Fig Table Ia . With the carrier gas containing 300 ppm water vapor, other 6 products are observed in addition to PF 5 , as shown in Fig. 2 Therefore, the LiPF 6 thermal decomposition path is the simple dissociation of the salt under dry (< 10 ppm) conditions. In contrast, in the presence of 300 ppm water vapor in carrier gas, besides PF 5 , a significant amount of POF 3 and HF are produced across a wide temperature range, and their evolution profile follows similar trend as a function of temperature (dashed lines in Fig. 3 ), indicating that they are produced simultaneously. 
The insert in Fig. 3 shows that the onset temperature for this reaction is ca. 27 °K lower than that of dissociation to PF 5 (~ 390 o K) in dry conditions. Interestingly, there is also a delay/shift to higher temperature and an overall reduction of normalized IR peak intensity of PF 5 in the presence of water. This may due to PF 5 reaction with water in the carrier gas via.
At temperatures above 390 o K, the evolution of HF and POF 3 persists, most likely proceeding simultaneously via reactions [2] and [3] until all the LiPF 6 is completely converted into LiF.
The TG analysis of LiPF 6 at isothermal conditions was carried out to determine the possibility of kinetically slow processes that may be difficult to observe in nonisothermal measurements. As shown in Fig.4 
Thermal Gravimetric Analysis of solutions of LiPF 6 salt in EC and PC
The TGA-FTIR analysis of the LiPF 6 /EC solution with dry carrier gas (< 10 ppm water) is shown in Fig. 5 (A) , where virtually all the spectral features originate from vapor phase EC and PF 5 . The shape of the PF 5 evolution peak is nearly identical to that for the neat salt. The mass remaining at 570 K was 3%, in good agreement with the mass ratio of LiF in LiPF 6 /EC (3.6%), and well within the 1 % accuracy of the instrument.
Therefore, there is no indication of any reaction between EC and LiPF 6 . The continued evolution of EC after PF 5 formation is complete presumably comes from EC:LiF solvate.
With water vapor in the carrier gas, the profiles in Fig. 5 is presented in Fig. 6 . No new features or changes induced by elevated temperature are observed within the detection limit of FTIR. Even after deliberately adding 300 ppm of H 2 O, the electrolyte spectrum (c in Fig. 6 ) is nearly unchanged from that of the starting solution. There is a new small peak in the C-H region at 2850 cm -1 , which could be assigned to aliphatic methylene group (-CH 2 -) symmetric stretching mode (the asymmetric stretching mode would fall under the strong EC peak at 2933 cm -1 ) and would be indicative of ring-opening cleavage of EC. However, by scaling the peak intensity (0.0008 abs. units) of aliphatic (-CH 2 -) with that of (-CH 2 -) EC at 2933 cm -1 (0.0175 abs. units), the upper limit of EC cleavage was estimated to be 5% of the total EC for the electrolyte with 300 ppm of water added.
IR spectra of solutions of LiPF 6 in the single component linear carbonate solvents DMC and EMC after storage at 358 o K for 300 hours are shown in Figures 7 and 8,   10 respectively. The interpretation of these spectra is complicated by a stronger effect of ion solvation on characteristic vibrations of both the PF6 anion and the solvent molecules than in EC. A discussion of the reasons for these differences is beyond the scope of this work, and will be the subject of a separate paper. The 1088-920 cm -1 band, with intensity comparable or stronger than that of the1320-1140 cm -1 band, originates from P-O-C (aliphatic carbon) mode [12] [13] . The P-F stretching mode in organic phosphorous-fluorine compounds is in the same frequency region as the PF 6 anion 10 . Although it appears that there are some subtle changes in the P-F region 11 after elevated temperature storage, the absence of a new strong peak between 1088-920 Table 1 for details). 
